limited axial range in spectral-domain OCT (SD-OCT). Recently, vessel segmentation techniques that calculate the vessel orientation are presented. Wang et al. [9] present total blood flow volume measurement with sampling all retinal arteries or veins around the optic nerve head. The vessel orientations are obtained from vectors connecting vessel centers between two successive cross section. In this technique, a straight portion of the vessel is aimed, and, these two cross sections should not be nearly parallel to the vessel. Full 3D processing is performed by Michaely et al. [10] .
Although this method is comprehensive, it requires long computational time since an OCT volume set has a large number of voxels. In this letter, we demonstrate a retinal blood flow quantification with a two step computationally inexpensive retinal vessel segmentation with a two-dimensional (2D) en f ace retinal vessel image and 2D cross-sectional flow image.
For the absolute blood flow speed measurement with the Doppler OCT, the Doppler angle is required, and for the volumetric flow measurement, vessel lumen determination is needed. For that purpose, vessel segmentation is applied to determine the vessel parameters, i.e., the vessel orientation and diameter.
Since the retinal vasculature is distributed nearly parallel to the retinal surface, en f ace retinal vessel images illustrate the representative retinal vasculature. Thus, the vessel segmentation was performed in two steps. The 3D geometric parameters of the vessel are indicated in Fig. 1 . The first step is the vessel azimuth θ, diameter D, and lateral position detection in the en f ace projection image E. The second step is the vessel zenith φ and axial position detection in the cross-sectional vessel images (planes A and P). These vessel parameters are then used to determine the region of the vessel lumen S. This algorithm does not require processing for the entire 3D volume set; thus, the computational time is shortened.
The second derivatives of the en f ace vessel image are used to determine the parameters of the curvilinear structure, namely, retinal vessels. For the segmentation of several sizes of vessels, a multi-scale technique [11] Vesselness F is calculated from the eigenvalues of the matrix H, Λ 1 and
as follows:
), or 0 (otherwise). These conditions are determined to discriminate a blob-like shape (|Λ 1 | ∼ |Λ 2 | 0) from a curvilinear structure and make it sensitive to the discontinuity of the line structure (Λ 2 < 0 < Λ 1 ). The value of α which determines the sensitivity to discontinuity is set to 0.25. Here, the vessels in the image are considered to possess a brighter intensity than that of the surroundings. Usually, retinal vessels histogram-based method, and image distortion due to the bulk motion is numerically corrected [4] . To obtain a high-contrast en f ace retinal vessel image, the maximum log-intensity projection of the 3D retinal OCT volume set just around the retinal pigment epithelium (RPE) is calculated (Fig. 3 B) .
The multi-scale line filtering results of one measurement are shown in Fig. 2 . Accordingly, the vessel segmentation is performed and results are shown in Fig. 3 . The computational time of the vessel segmentation and flow calculation for each volume (3 vessels) are ∼ 3 min with a PC (AMD Athlon 64 3500+, 2 GB RAM). An semiautomatic registration of the en f ace image and a fundus photograph (Fig. 3 A) is performed, and the area corresponding to the scanning region is indicated as the white box. The red lines in Fig. 3 B indicate the cross-sectional planes parallel to the retinal vessels, and the blue lines are the perpendicular cross sections. At the vessel 2, the azimuth angle have the small tilt although the vessel seems to be nearly horizontal.
However, the corresponding fundus photography (Fig. 3 A) 
